Abstract -A diagenetic model of porewater O 2 was used to examine the relationship between organic carbon flux to the sediments and benthic oxygen demand (BOD). The model predicted that the organic carbon influx to sediments balances BOD as long as sediments are oxygenated. The critical rate occurs when O 2 at infinite depth disappears. With influxes exceeding the critical rate, the O 2 flux into the sediments via molecular diffusion can not consume all incoming organic matter, and anaerobic conditions result in BOD underestimating the carbon influx. Given that low rates of deep-sea BOD approximate the carbon influx below 9 g·C·m
INTRODUCTION
Metabolism in deep-sea sediments is fueled by the input of usable organic matter to the sea bed [17, 40] . The majority of this incoming organic matter is thought to be supplied by the sinking rain of material from productivity in the overlying euphotic zone [7, 50, 53] , with minor amounts being due to the influx of sediments and entrained organic matter in turbidity flows from shallower depths or from lateral organic matter transport at mid-depths [49, 52] . Rates of primary productivity have been correlated with fluxes of sinking organic carbon into the deep-sea as measured in sediment traps [4, 6, 34, 35, 38, 41, 56] . If overlying productivity is responsible for the organic matter supply to deep-sea sediments, then there should be a relationship between productivity and deep-sea sediment metabolism similar to the ones found for sediment traps. Here, the relationships between benthic oxygen demand (BOD), organic matter influx to the sediments, and overlying primary productivity were examined using diagenetic models of oxygen utilization in sediments, a global map of primary productivity, and data from well oxygenated deep-sea sediments.
METHODS AND RESULTS

Diagenetic pore water oxygen model
Organic carbon inflow to the sediments drives both the metabolism and the long-term burial of carbon. In most sediments, burial represents a small fraction of the total so that to reasonable approximation, the carbon influx balances respiration [17] . When carbon influx is low, as in most deep-sea sediments, oxygenbased metabolism predominates, and oxygen concentrations remain high throughout the near-surface sediments. Here, measured oxygen fluxes would be expected to reflect the total sediment metabolism [45] . On the other hand, if the carbon influx is large, oxygen becomes depleted within a short distance of the sediment-water interface. In this condition, suboxic and anaerobic metabolisms would utilize some of the carbon influx, and oxygen respiration would underestimate the true carbon oxidation [44] . Thus, in the simplest sense, direct measurements of the benthic oxygen demand would be expected to approximate that of the carbon influx when influxes are low and would underestimate carbon influxes when these influxes are high. In order to better appreciate the non-linear effects of oxygen demand on carbon influxes, a simple pore water oxygen diagenetic model was constructed.
The model considered long-term steady state conditions where carbon oxidation within the sediments balanced diffusion of oxygen and sedimentation [5] .
Porosity (f, mL of seawater cm − 3 of total sediments) was considered constant with depth. The diffusivity (D, cm 2 ·s − 1 ) was molecular. Depth (z, cm) was positive downwards. Oxygen concentrations (C) were in nmol O 2 ·mL ). I considered two vertical zones within this model.
One zone was a diffusive boundary layer of seawater adjacent to the sediment surface. No sediments or oxygen consumption rate existed within this boundary layer. The depth of this zone (Z z1 , cm) was assumed to have fixed values of 0, 0.020 and 0.10 cm. Given the boundary conditions,
C i = C o at Z i = 0 (2b) 
where C o was the oxygen concentration in the bottom water, C z1 was the oxygen concentration at the bottom of the boundary layer. The diffusivity in this first layer (D 1 ) was the molecular coefficient (1.23× 10 − 5 cm 2 ·s − 1 ) in seawater at 3°C.
The second zone, denoted by a subscript of 2, was the sediment layer starting at a depth of Z z1 . Here, molecular diffusivity was corrected for tortuosity and porosity [57] .
Porosity was fixed at 0.8 mL of porewater/cm 3 of whole sediment. The oxygen utilization rate, R z , was assumed to decrease exponentially with depth away from the sediment surface, Z z1 .
The rate at the sediment surface was R z1 (nmol·mL
), and b was the exponential decay coefficient (cm
) of the rate with depth. The total oxygen utilization over the entire sediment column, R total in nmol cm (mL·s) − 1 , was,
as found by integrating equation 4 between the depths of Z z1 and infinity. The total respiration rate in the sediment column (R total ) was related to the organic carbon influx (F c , g·C·m
which was based on molar Redfield stoichiometry of carbon to oxygen, and where f 1 converted units of carbon influx to units of nmol O 2 cm (mL·s)
. The concentration profile of oxygen was analytically calculable as long as the concentration at all depths were greater than zero. Given the boundary conditions,
the solution for the oxygen profile was,
where
The concentration at the boundary of the two zones (C z1 ) was found by balancing at Z z1 both the concentration predicted by each zonal equation and the flux calculated from each concentration profile. From this, the concentration at the interface between the two zones was,
where,
M=exp(−wZ z1 /D 1 ).
Subscripts 1 and 2 referred to parameters for zone 1 and zone 2, respectively. As no sediments exist in zone 1, f 1 = 1. The concentration at infinite depth was calculated,
Equations 7-9 described the situation where the carbon influx was less than or equal to the maximum diffusive influx of oxygen needed to maintain a permanently oxygenated sediment column. If the carbon influx were to exceed this critical level, oxygen would be depleted from the sediment column. By setting C of equation 9 to zero, the critical carbon flux was
If the carbon influx (expressed as R total in equations 5 and 6) was less than or equaled this critical level (R critical ), then oxygen concentrations would remain at or above zero at all depths in the sediments. If on the other hand, the carbon influx exceeded this critical quantity, the carbon flux would exceed the ability of oxygen to be supplied to the sediments, oxygen would be depleted at some finite depth and anaerobic metabolism at depth would occur. From equation 10, the critical flux was directly dependent on b (figure 1). Since b defined the exponential decrease in the decay rate of organic matter, a greater than b would yield a greater fraction of the metabolism at a shallower depth in the sediments, as might be envisioned if a more easily metabolizable organic matter were supplied. A lesser value of b would increase the proportion of the material which is degraded at depth, suggesting a composition which is less easily metabolized. The relationship between the critical rate and b can be envisioned in that with a larger b, material was decomposed more quickly and nearer the sediment-water interface. Since more of the rate occurred nearer the bottom water source of oxygen, a greater amount of material could thus be decomposed aerobically. Also, model results showed that a thicker diffusive boundary layer acted to impede the diffusion of oxygen into the sediments. At larger values of the coefficient, b, the thickest diffusive boundary thickness, Z z1 , reduced the BOD by as much as 35 % from the conditions with no boundary layer ( figure 1) .
If the carbon influx should exceed this critical level, then the oxygen supply would be insufficient to oxidize all the organic matter, and this limitation would set the conditions allowing for anaerobic metabolism.
To model this situation, the boundary conditions for the sediment zone were,
Here, zone 1 was identical to the above low flux model, and zone 2 was similar. In particular, the rate of organic matter decay was exponentially decreasing as defined in equation 4, but at the point where oxygen reached zero, this rate stopped being an oxygen utilization rate and switched to an unspecified anaerobic metabolic pathway. Because an analytical solution was not found, a numerical finite centereddifference solution was used to calculate the results over the aerobic portion of the sediments. The numerical sediment solution was coupled to the analytical diffusive boundary model, so that the oxygen concentration at the top of the sediments was C z1 .
The profile of oxygen over this zone was determined by dividing the zone into at least 400 depth increments, determining the tridiagonal matrix for the centered-difference equations and solving the tridiagonal matrix using the Gauss-Jordan iteration [29] . After this solution, the profile did not necessarily meet all the required conditions, because two vari- the bottom flux for the boundary zone). The solution was accepted when the two fluxes at the boundary agreed within 0.01 % of each other. At carbon influxes very close to the critical flux, the solution from the numerical scheme equaled the results from the analytical solution.
Using solutions for both fully and partially aerobic sediments, this solution scheme was used to calculate oxygen profiles based on different levels of the carbon influx and on different values of the exponential decay coefficient (figure 2). One outcome was that relatively small changes in the carbon influx had dramatic changes on the oxygen profiles. Based on the coefficient b being 0.5, oxygen concentrations at infinite depth decreased from about 100 mmol/L with a flux of 0.9 g·C·m − 2 ·y − 1 to zero mmol/L with a flux of 1.9 g·C·m
. Continued increase in the flux by a factor of 2 yielded an oxygen penetration of only about 4 cm. This suggests that a 4-fold change in the carbon inputs can shift the sediments from highly aerobic to observably anaerobic, a result previously noted by Rabouille and Gaillard [45, 46] . By summing the aerobic respiration rate over the aerobic zone and comparing it with the carbon input, the percentage of organic matter which was oxidized aerobically was evaluated. The importance of aerobic respiration decreased from 100 % to 80 % by an increase of 2-3-fold in the carbon influx (b= 0.5, figure 3a) . The presence of a thick diffusive boundary layer noticeably decreased the percent aerobic respiration (figure 3a).
The relationship between the carbon influx and benthic oxygen demand was also examined (figure 3b). Given low fluxes of carbon into the sediments, both the carbon influx and the benthic oxygen demand were equal since all organic matter was oxidized by oxygen. But at fluxes above the critical level, the benthic oxygen demand calculated by the model drops from the 1:1 relationship with carbon influx (figure 3b). For the three curves representing the selected b values, the non-linear portions all followed similar curvature although the critical rate separating linear from non-linear regions occurred at successively greater carbon influxes for increasing values of b (figures 3b,1). These results showed that any relationship of oxygen flux to carbon influx will likely be linear at low fluxes and may become non-linear at higher fluxes. In the following section, the goal was to ables needed to be determined uniquely. First, the depth at which oxygen goes to zero had to be specified. This depth was initially guessed as some small depth. The procedure then calculated an estimate of the true oxygen profile, and the fluxes at the top and bottom of zone 2 were determined from this estimated profile. The profile was accepted as final if the flux at the bottom of zone 2 was less than 0.1 % of the top flux. If not, the depth was increased by adding additional depth increments to the previous depth, and then the profile and fluxes reevaluated. The second parameter to be evaluated was the concentration at the boundary between the two zones. This concentration was initially set at bottom water oxygen content. After successful solution of the bottom depth, the flux at the top of the sediment zone was compared with the bottom flux within the diffusive boundary zone. If the two did not match, the estimated concentration at the boundary was lessened, and then the process iterated (the bottom zone oxygen profile was determined, then the flux at the top of the sediments calculated and compared with examine deep-sea data in order to evaluate an average critical level differentiating a linear region from a non-linear region for the deep-sea.
Deep-sea BOD data
A large number of studies have measured the benthic oxygen demand in the deep-sea [10, 31, 47] . These data were initially screened so that BOD rates were less than 50 g·C·m − 2 ·y − 1 and were from sites with well oxygenated bottom waters (bottom water oxygen concentrations greater than 100 mmol·kg figure 4 ). BOD has been measured in a variety of ways, but I included only data measured by the three most common methods, oxygen microelectrodes used either in situ or on shipboard, and in situ chamber incubations. Water column depth and station locations were taken from the original reference. From these station locations, primary productivities were selected based on the global map of primary productivity of Longhurst et al. [37] . That map was oriented on squares of one degree latitude and longitude. When the benthic stations were located within 0.1 degree of a productivity grid boundary (an integer latitude or longitude), the selected productivity was the average of productivities of the adjacent grid squares.
Using this data, a multilinear regression was performed based on the equation:
where BOD was the benthic oxygen demand (g · C m − 2 · y − 1 ), X was the water depth in meters, P p was the primary productivity (g·C·m
), and the coefficients, B0, B1, and B2 were determined by regression. The resulting regression was significant ( 
Graphs of the estimated BOD at fixed water depths versus increasing values of primary productivity were presented along with actual sediment data from sites ic [53] within 500 m of the fixed depth (figure 5). The relationship between carbon inputs (the regression estimated BOD) and measured BOD in figures 6 and 7 was comparable to the earlier theoretical plot (figure 3b).
As the regression was evaluated as the natural log of equation 12a, the confidence limit (CL) for any regression estimated BOD was,
where f p was the factor converting the standard error to overall confidence limit at desired probability level, and SE est was the standard error of the estimated BOD. Because the quantity on the right in equation 16 can be separated into BOD est * exp(f p *SE est ) or BOD est /exp(f p *SE est ), the error of the estimates was presented as the error factor, exp(SE est ), a multiple or divisor of the estimated BOD ( figure 8 ). The error factor was relatively constant at 1.5-1.91 for productivities ranging from 10 to 1 000 g·C·m − 2 ·y − 1 and for all depths below 1 000 m. Thus, the regression predicted an estimated BOD with an uncertainty of 0.52-1.91 times the estimated BOD (using f p = 1). Above 1 000 m, the error factors increased to 2.0-2.46 at 200 m (figure 8).
The variability of the three different methods of measuring BOD (microelectrodes versus chambers) were compared based on the absolute value of the deviation of individual data from the regression (irrespective of whether the deviation is positive or nega-tive relative to the regression's estimate), where deviations were expressed as percent of each data's estimated BOD. Here, the average of these was interpreted as a measure of the method's variability with respect to correlation with productivity and depth. For in situ microelectrodes, these deviations averaged 29 % of the data's BOD (n=9), while for shipboard microelectrodes, these deviations averaged 33 % (n = 25). For in situ chambers, they averaged 39 % (n =29). Thus, because in situ microelectrodes had the lowest average, this method appears to be slightly better correlated with overlying productivity and depth than does either shipboard microelectrodes or in situ chambers. In order to compare the overall sampling bias for each method, I used another statistic, the average deviation around the regression. This average deviation includes the sign of the deviation and should equal zero for perfect correlation. These were found to be low for each of the methods. For in situ microelectrodes, the deviations averaged − 0.50 g·C·m − 1 ( −0.3 % of the estimated BODs). Because each method's average estimate of bias was less than each method's variability given above, the results of the regression showed no evidence for large bias by any of the three methods.
Global distributions
Given this statistically-significant regression between primary productivity, water depth, and benthic oxygen demand, global maps of primary productivity and topography were used to map the distribution of estimated BOD and the estimated carbon flux at a fixed depth of 1 000 m. Topography was based on the ETOPO5 global topography distributed by U.S. National Oceanic and Atmospheric Administration, which gives average depth or elevation centered at five minute latitude and longitude spacing. The productivity map of Longhurst et al. [37] , being on a one degree latitude and longitude grid with the named location as the upper right corner of the square, was transposed onto the grid of ETOPO5, with one alteration. The integer latitude and longitude points on ETOPO5 fit equally well under either two productivity grid squares (for the edges of adjacent 1°×1°s quares) or four productivity grid squares (at the corners of the one degree squares). At these positions, the productivities on the integer degree grid lines in the new five minute grid were the respective averages. From this compilation, sediment BOD, standard error of the estimate, and estimated carbon flux at 1 000 m water depth were calculated for all ocean areas with depths equal to or exceeding 200 m (about 7× 10 6 grid points over all oceans), although grid points with water depths less than 1 000 m depth were not used in any of the subsequent calculations. Distributions of the BOD and 1 000 m flux, averaged areally onto one degree squares, were presented in figures 9,10. The global distribution data, either for the five minute grid (230 megabytes) or for the one degree grid (2.6 megabytes), are available upon request.
The results were cumulated over ten degree latitudinal bands for each of the major ocean basins, the Atlantic, Pacific, Indian, Antarctic and Arctic Oceans (figure 4, table III). Each grid point was adjusted for area based on its position in a spherical planet of radius 6371.22 km. Not all of the topographic grid points have corresponding productivities, so the proportion of the ocean area within each latitudinal band which lacked productivity data was calculated (table III) . Generally this uncertainty was less than 2 % within the latitudinal band and was attributed to the inability of the coarse grid spacing (productivity data) from following coastlines as well as the fine grid spacing (topography data). At higher latitudes, ice cover and cloudiness caused a significant proportion (as much as 100 %) of the selected region from being analyzed. Nevertheless, given the data as it is, the total BOD for the Atlantic was 204 MT-C·y − 1 for the Pacific and Indian Oceans, respectively). Also, sediments in the Atlantic and Indian Oceans were somewhat shallower than those in the Pacific. Both factors would allow more carbon to reach the sediments. BOD as percentage of overlying productivity averaged 2.02 % in the Atlantic, 1.79 % in the Pacific, and 2.00 % in the Indian. When the organic carbon flux at a constant depth (1 000 m) was considered, the deep Atlantic received (table IV) . The Arctic and Antarctic Oceans contributed little to the global total (B4 % each), but much of the area in each region was not included because of the lack of satellite pigment data.
By summing over all oceans, a latitudinal description of the fluxes can be made (figure 11). Per ten degree latitudinal band, areally summed primary productivity (MT-C·y − 1 ) showed two peaks of high rates, at 40 -50°S and around the equator, while a third peak of lesser magnitude occurred at 40 -50°N. The area of deep ocean (greater than 1 000 m) was greatest between 20°N and 40°S, and co-occurred with the highest productivity peaks. A significant reduction in the area of the ocean north of 20°N contributes to the lower areally summed productivity peak at 40-50°N. The carbon flux at 1 000 m mirrors the pattern in productivity, but at about 6 % of its magnitude. The deep sea BOD also approximates this pattern except that the much shallower water depths found above 50°N affect the BOD relative to the carbon flux at 1 000 m. The northern and southern hemispheres were also compared. The southern hemisphere had about 10 % greater total productivity (19 842 MT·y ). Combined with the lower productivity per square meter in the southern hemisphere, the organic carbon flux to 1 000 m was about the same magnitude in both hemispheres (1 178 and 1 149 MTC·y − 1 in the south versus the north). However, since the southern ocean was deeper on average than oceans in the northern hemisphere, the sediment consumption was less in the southern hemisphere than in the northern one (356 and 383 MT·C·y − 1 respectively).
DISCUSSION
In this report, the link between primary productivity in the overlying ocean and deep-sea benthic Figure 6 . Relationships of measured BOD to the carbon inputs calculated from regression. Results of the three sampling methods (in situ chambers, in situ microelectrodes, and shipboard microelectrodes) were presented separately. Figure 5 . Relationship of regression-predicted carbon fluxes or measured BOD to primary productivity at 2 000 and 4 000 m depth. Regressions from this report (SED BOD), and from [41] listed as Pace et al. [4] listed as Berger as utilized in Jahnke [31] , and from Lampitt and Anita [35] . Measured sediment BOD were plotted when the actual sampling site was within 500 m of the depth used in the regression.
metabolism was examined. A simple diagenetic model of oxygen in sediments was constructed based on a single type of reacting organic matter with an exponentially decreasing reaction rate, no diffusion and reoxidation of reduced compounds moving up from depth, molecular diffusion of oxygen, and the occurrence of a diffusive boundary layer above the sediments. The oxygen model indicated that a linear relationship would exist between the organic carbon input to the sediments and the oxygen respiration up to a critical value of the carbon input. Above this critical value, oxygen could not enter the sediments by molecular diffusion quickly enough to maintain a fully aerobic sediment column. The model suggested that linearity could be approximated within 20 % when the carbon influx was a factor of 2 -3 above this critical flux, but more dramatic increases in the flux of incoming organic matter would cause significant deviations from the 1:1 relationship. In addition, this critical flux was directly dependent on the reac- [30] ; smaller circles [11] ). The open circles represent Antarctic convergence sites where total sedimentary carbon oxidation rates had been calculated by models which included anaerobic metabolic rates [46] . Oxygen fluxes had been measured at these sites [16] and had been used in the regression. Both the Arctic and the newer Antarctic data coincide with the regression.
tivity of the incoming organic material. When this material was highly reactive (the depth dependent decay coefficient, b, was large), more of the oxygen utilization rate was nearer the sediment water interface so that more material could be oxidized aerobically. Consequently, in the oceans, both differences in the total influx and in the material's reactivity would affect the linearity between BOD and carbon influx. The presence of a diffusive boundary layer would lessen the ability of oxygen to enter the sediments but would be important only when the depth of the oxygenated sediments was relatively thin.
The model did not include any recycling of reduced compounds produced during anaerobic metabolism.
Reduced products, such as diffusable ammonium or solid phase iron sulfides, could be transported back into the aerobic zone and could consume oxygen either via direct chemical reaction or via autotrophic consumption of oxygen [12, 15, 44, 48, 55] . This action would lessen the amount of oxygen available for organic matter respiration in the aerobic zone, and would increase the amount of organics available for anaerobic metabolism. The total oxygen consumption by sediments represents the sum of the aerobic respiration of organic matter and the oxidation of reduced inorganic compounds. However, anaerobic respiration is less efficient in generating energy per unit of carbon than is aerobic respiration, so that the net effect of this recycling would be to increase the proportion of organic matter consumed under anaerobic conditions relative to the model predictions. Consequently, model estimates (figure 3a,b) would be high of the real oxygen consumption due to aerobic organic matter oxidation. One study, [55] , also examined the variation of oxygen consumption as a function of organic carbon input using a model that considered anaerobic metabolism and its linkage to oxygen consumption. That study showed that oxygen consumption closely approximated the carbon influx below 2-3 g·C·m − 2 ·y − 1 , but at larger influxes, the importance of oxic mineralization in consuming organic matter was reduced. At 120 g·C·m − 2 ·y
, the oxic mineralization represented about 60 % of the carbon influx. Their results fall between the curves for b= 0.5 and b =2.5 in figure  3b . However, their model incorporated separate statistical fits of sedimentation rate, temperature dependence of the diffusivity, and irrigation rate onto water column depth. Also included were statistical fits of carbon oxidation rate at the sediment surface, influx of refractory carbon, bioturbation rate, and reduced sulfur reoxidation onto sedimentation rate. All of these externally imposed linkages would affect the details of their results. I chose the much simpler oxygen model to avoid ambiguity.
More complex models of oxygen in deep-sea sediments have also incorporated multiple types of organic matter, each with a different reaction coefficient, as well as a refractory organic matter type which is buried. The reasoning presented herein showed that a single type of reactive organic matter defines a critical organic carbon influx, above which oxygen diffusion is insufficient to maintain an aerobic sediment column. By analogy, two types of organic matter with different reactivities would result in two critical rates, one for each organic matter type. In this case, the critical rate for a particular sediment could vary if the relative proportions of the two organic matter types were to vary. Westrich and Berner [59] proposed that organic matter may contain materials of highly different reactivity, but found that coastal sites could be adequately approximated as having two types. Rabouille et al. [46] modeled sedimentary oxygen, nitrate, and organic matter profiles using rate constants for two reactable types of organic matter. Several studies utilized a continuum of organic matter fractions with different reaction rates [8, 58] . Rabouille and Gaillard [44, 45] showed that Monod kinetics for oxygen, nitrate, and manganese oxidation lead to reaction rate constants for organic matter which decrease dramatically with depth. Because experimental constraints on these different models are few, a simple model was employed in this study.
If the overall annual rate of productivity at a particular site is related in a direct way with the flux of sinking organic matter, then there should exist a relationship between surface productivity and BOD in sediments where BOD approximates the carbon influx. Using multilinear regression, a significant relationship relating water depth and productivity to the BOD was found (equation 12) and was similar in form to relationships between sediment trap collections and surface productivity [4, 6, 34, 35, 38, 41, 56] . When compared to sediment trap results (figure 5), sediment BOD consistently exceeded the fluxes estimated from sediment trap relationships. Uncertainties in trap results have been discussed [19, 22, Table III . Area (10 6 km 2 ) with both an average depth of at least 1 000 m and measured primary productivity, percentage of ocean area lacking primary productivity assessments (Missing in percent of area), benthic oxygen demand (BOD, MT-C/y), and carbon flux at 1 000 m depth (C flux , MT-C/y) for latitudinal bands across the major oceans. 39] . Also, sediment BOD represents a temporally longer average flux than short-term sediment trap deployments [31, 50, 53] . Non-linearity between BOD and carbon influx appears significant at influxes exceeding about 9 g·C·m − 2 ·y − 1 ( figure 7 ).
More importantly, the regression of deep-sea BOD versus productivity provides a unique means of evaluating sinking carbon fluxes in the ocean. Since deepsea sediments represent the extreme terminus of the vertical transport of material from the ocean surface, the relationship should represent a robust description of the amount of material surviving decomposition in its fall through the entire water column. The data used in the regression covers the range of water depths from 2 to 5.9 km and of productivities from 62-420 g·C·m
. The regression predicts the uncertainty in an estimated sediment BOD of less than a factor of 2 for depths between 1 and 5 km, and the uncertainty increased by less than 50 % for depths between 1 000 and 200 m (figure 8). Also, the magnitude of the regression's uncertainty was about that of the natural sampling variability as found in replicate deep-sea BOD measurements [50] . This new regression predicted that the amount of productivity which is vertically exported increases approximately hyperbolically with higher productivities (figure 5). The proportion of the productivity reaching 1 000 m increases from 4.2 % at a productivity of 10 g·C·m . More importantly, the measured deepsea sediment BOD appear to increase more rapidly with increasing productivity and to have greater rates than predicted by past sediment trap relationships (figure 5), suggesting that past interpretations of sediment trap results may have underestimated the flux of carbon into the deep-sea. It is possible that extrapolation of the regression to depths shallower 1 000 m and to productivities greater than 420 g·C·m − 2 ·y − 1 might lead to false predictions. The regression predicts that for a site with a productivity of 1 000 g·C·m
, 36 % of the productivity would sink below 200 m. However, this prediction is within the range of experimental determinations of export production and new production, excluding sediment traps, for many higher productivity regions [18, [25] [26] [27] , with the caveat that water column studies need to average over long time periods to obtain reasonable balances [14] . Table IV . Total primary production P p , BOD, and C flux at 1 000 m for all grid points of at least 1 000 m depth, and C flux at 2 500 m for all grid points with depths of 2 500 m or more for different oceans (units in MTC·y −1 This relationship between productivity and deep-sea BOD was applied to global distributions of productivity and bathymetry to produce global maps of sediment BOD and organic carbon flux to 1 000 m depth (figures 9,10). Although it could be argued that global maps of productivity are inaccurate, several satellite-based global distributions of productivity were found to agree within 10 % [1, 2] . The distribution used in this report [37] was about 10 % greater than more recent ones, but when the water-leaving radiance was adjusted in turbid coastal waters, their global productivity was identical to the other distributions. In the global distributions and their summations (figures 9,11), localities with water depths less than 1 000 m were not considered, so that the uncertainties in the coastal regions would not affect these new results.
This new relationship differs with that described by Jahnke [32] , where rates of carbon burial were correlated with sediment oxygen fluxes (BOD). Since burial in deep-sea sediments frequently represents only a few percent of the total influx, that correlation had a large variability associated with it. Nevertheless, that relationship was extrapolated globally based on large-scale global maps of both organic carbon in surface sediments and sediment accumulation rates [32] . Those global sediment oxygen fluxes were then compared with the sinking organic matter fluxes found with sediment traps and crudely estimated maps of productivity [4] . From this comparison, Jahnke [32] suggested that 3.0 % of the global primary productivity reaches the 1 000 m depth, and that sediments consume 45 % of the deep flux. In the present report, the sum of the annual global sediment BOD was 48 % greater than that of Jahnke [32] . This new result is greater both because the sediments appear to capture more organic matter than estimated from sediment traps and because the topographic and productivity maps allowed the calculation of fluxes at a higher spatial resolution as well as in the marginal seas of each of the major oceans, places that were excluded in that study. The new regression predicts that about 6 % of the productivity in the deep-water areas reaches 1 000 m, a flux 210 % as great as that calculated by Jahnke [32] . As a result, the new regression indicates that sediments consume only 32 % of the material sinking though 1 000 m.
These new results can be compared with the oxygen consumption rates calculated from relationships be-tween Apparent Oxygen Utilization (AOU) and 14 TCO 2 found in deep waters of the major oceans [9, 28] . These deep water data were from depths generally greater than 2 500 m, so the 1 000 m flux estimate given above needs to be corrected. By restricting the portion of the ocean to those areas with depths greater than or equal to 2 500 m and then adjusting the flux for the organic matter decay occurring between 1 000 and 2 500 m, the resulting influx into waters below 2 500 m was 226 MT·y − 1 in the Atlantic (table IV) . This value is intermediate between the estimates of 276 MT·y − 1 [9] and of 157 MT·y − 1 [28] (table IV) . Thus, the results from this analysis concur with the deep water column AOU/ 14 C results, suggesting that the regression results extrapolated globally are realistic.
It has been suggested that polar ice-covered pelagic ecosystems may loose a greater fraction of their productivity into deep waters [43] . Two studies from the seasonally or permanently ice-covered Arctic, one in the Fram Strait region [30] and one under the Arctic ice cap [11] [54] ), the measured BODs and the carbon influx predicted by equation 12 agree well with the lower latitude relationship ( figure 7) . Consequently, these few Arctic data do not support the idea of anomalously greater vertical export in polar ice-covered regions. Figure 11 . Latitudinal distribution of primary productivity, sediment BOD, downward carbon flux at 1 000 m depth, area, and average water depth. Data represented sums over ten-degree latitudinal bands for locations with water depths at least 1 000 m and where productivity estimates were available.
